The new module SMZp is developed for the Monte-Carlo generator Sherpa that extends simulations of the Standard model (SM) processes with the Abelian Z ′ boson in the model-independent approach. The special derived earlier relations between the Z ′ couplings to the SM fields proper to the renormalizable theories are taken into account. Using this module, dependence of the Z ′ production cross section on the Z − Z ′ mixing angle θ0 in the Drell-Yan process is investigated within the range of 1 TeV ≤ m Z ′ ≤ 5 TeV. It is shown that if it is essential to keep the Z ′ theory renormalizable, θ0 cannot be neglected as it is often done, even if it is small.
I. INTRODUCTION
Searching for the new particles is one of the main goals of the modern experiments in high energy physics. The hypothetical new heavy vector gauge Z ′ boson is one of the most expected manifestations of new physics. A plenty of different scenarios exist where the Z ′ appears [1] [2] [3] [4] . The current model-dependent limits on Z ′ mass are of the order of 3.7-4.5 TeV [5, 6] . Also, some recent constraints on the Z ′ parameters can be found in [7] [8] [9] [10] [11] [12] . The Z ′ search is typically considered in a framework of different Z ′ models, such as E 6 , LR, ALR etc. Each of them fixes the Z ′ couplings to other particles, so that the Z ′ mass stays the only free parameter which must be fitted from the experiment. These models are usually discussed as a natural benchmark for comparing the supposed Z ′ signals in different experiments. Despite the popularity of the model-dependent Z ′ analysis, it may have some difficulties in the nearest future. The identification reach for the majority of the models is about the current estimated lower bound of the Z ′ mass. This means it will be problematic to distinguish the basic Z ′ model even if the Z ′ is discovered experimentally. In such a situation, a model-independent approach can be very prospective. In contrast to the model-dependent searches for the Z ′ boson at the LHC where only one free parameter exists (the mass of the Z ′ ) for a given Z ′ model, in model-independent approach all fermion coupling constants are considered as free parameters. Therefore, model-independent approaches are prospective for estimating not only the mass but also Z ′ couplings to the SM particles. As a result, definite classes of the extended models could be restricted. The obvious shortcoming of model-independent searches is a sufficiently large amount of free parameters which must be fitted in experiments. However, it can be reduced if * apevzner@omp.dp.ua some natural requirements or theoretical arguments are imposed. For example, the considered Abelian Z ′ boson assumes that the extended model is a renormalizable one. This property results in the specific relations between couplings called in what follows the renormalization group relations (RGR), that decreases the number of unknown parameters significantly. The Z-Z ′ mixing angle becomes also a self-consistent part of the parametric space [13] . RGR lead to the kinematical structure of the differential cross sections allowing picking out uniquely the Abelian Z ′ between other spin-1 neutral particles. In the Abelian class of Z ′ models, the main Z ′ properties and its couplings to the SM states can be completely described in terms of three independent fermion couplings and the Z ′ mass, m Z ′ . Earlier, we applied this modelindependent approach for the Z ′ search in [12, 15, 16] . In any modern procedures dealing with the particle experiments, the Monte-Carlo (MC) simulations play a crucial role. They are extremely important for estimating the experiment background and predicting the valuable signals. So, it is a usual situation that any new theory or model is firstly being simulated using the MC methods. By default, some existing MC generators support simulations of the processes with participation of the Z ′ . At the same time no one among them includes a modelindependent Z ′ description. Within the present work, we implement a new model named SMZp for the Sherpa MC generator [17] . This model extends the default Standard model file for Sherpa with the Abelian Z ′ defined in our model-independent approach. The Sherpa generator is chosen due to convenience of developing the custom user-defined models. It allows introducing new fields and new interaction at a matrix element level. For example, PYTHIA [18] , one of the most well-known MC generators, can be extended with a new type of interactions by hardcoding the appropriate cross sections only.
The developed tool gives a possibility to make an advanced analysis of the processes where the Z ′ can manifest itself. It is a tool which complements the package DrellYan for Wolfram Mathematica [15] developed ear-lier. DrellYan allows analytical calculation of the DrellYan production cross section taking the Z ′ contribution into account, while the SMZp model for Sherpa gives an opportunity for numerical computations of any possible processes with the Z ′ . As an illustration of the developed module possibilities, we consider the process
at the LHC and investigate how the Z ′ production cross section σ Z ′ depends on the Z − Z ′ mixing angle θ 0 . In spite of the fact that the Z − Z ′ mixing is often neglected because of its smallness (e.g., in the B − L model, in PYTHIA [18] ), it occurs that dependence σ Z ′ (θ 0 ) is quite important if the renormalization group relations mentioned above are taken into account.
The paper is organized as follows. In the next section, the information on the RGR necessary for what follows is given and the effective Lagrangian describing interaction of the Z ′ with the SM particles is adduced. In the Section 3, developing the SMZp module for Sherpa is described. Finally, in the Section 4, dependence of the Z ′ production cross section on the Z − Z ′ mixing angle is investigated for the Drell-Yan process. All the results are summarized in Discussion.
II. EFFECTIVE LAGRANGIAN AND RGR RELATIONS
The effective low energy Lagrangian describing the interaction of the Z and Z ′ mass eigenstates can be written as (see, e.g. [13] ):
where f is an arbitrary SM fermion state; v 
Within the considered formulation, the angle θ 0 is determined by the couplingỸ φ of fermions to the scalar field as follows (see [13] and Appendix B of [12] for details)
where θ W is the SM Weinberg angle,g isŨ (1) gauge coupling constant and α em is the electromagnetic fine structure constant. Although θ 0 is small quantity of or-
, it contributes to the Z and Z ′ bosons exchange amplitudes and cannot be neglected.
As was shown in [13, 14] , if the extended model is renormalizable and contains the SM as a subgroup, the relations between the couplings hold:
Here f and f * are the partners of the The correlations (6) have been already derived in two different ways. The first one origins from the structure of the renormalization group operator and other one is founded on the requirement of the SM Yukawa term invariance with respect to the additionalŨ (1) group.
From now on we will assume that the axial-vector coupling a f is universal, so that
Together with Eqs. (5) and (6), it yields
Eq. (6) plays crucial role in what follows. First, due to them the number of independent parameters is considerably reduced. Second (but not less important) is influence on kinematics of scattering processes. If the signal is observed, due to these relations of Eq. (6) one can guarantee that exactly the Abelian Z ′ state is observed. Finally, it is important to notice that the relations (6) hold also in the Two-Higgs-Doublet Model (THDM). All this makes the direct searching for the Z ′ combined with (6) grounded and perspective.
III. DEVELOPMENT OF THE
As mentioned above, the Sherpa generator allows extending of its existing models with the custom ones. Several ways exist to implement a user-defined Sherpa model. For our purposes, we used the generic interface [19] to the UFO output [20] of FeynRules [21, 22] . It provides a suitable toolset for the model description in a FeynArts-like manner. Actually it gives a possibility to build a complete Lagrangian of a theory in a desirable parametrization.
The FeynRules Z ′ model file was created basing on the SM model file which is built-in into Sherpa. The latter one requires several extensions to account for the Z ′ . First, we must introduce an additional (unphysical) U (1) field, for example,B
µ . This field should be a mixed state of the physical Z and Abelian Z ′ states. Then we complete the gauge sector of the SM with theB kinetic term,
Finally, it is necessary to fix the Z ′ couplings with the SM particles. Due to the relations (6), we can express all of them through a, v e , v u , and m Z ′ . In FeynRules, the couplings are usually introduced in terms of a hypercharge, so that the covariant derivative describing the Z ′ interaction with some particle X will have a form
Here,Ỹ X is the hypercharge of the field X with respect to the Z ′ . So, we assign a new hyperchargeỸ to each SM field. Using (3) and (10), it is easy to obtain its values for all the SM particles. They are summarized below in Table I . After making these changes, the Feyn- Rules model file is ready. Now it can be compiled for using with Sherpa. In the output module, the Z ′ has an identifier 9900032. This module has five configurable parameters, namely the Z ′ mass, a, v e , v u , and the Z ′ decay width Γ Z ′ . It is worth noting that actually Γ Z ′ is not an independent quantity, it is completely defined by the Z ′ couplings if we ignore the exotic decay channels. Sometimes, however, it is useful to tune it manually. That is why this possibility is also left. Below, the fragment from the Sherpa configuration is shown that illustrates using of the created model. 
Hence σ Z ′ < 0 may appear due to the Z − Z ′ interference terms in the total cross section and causes no contradictions.
IV. DEPENDENCE OF THE
The Z − Z ′ mixing is an important dynamical characteristic of the Z ′ boson. The present estimates on the Z − Z ′ mixing angle θ 0 are usually put as |θ 0 | < 10 −3 − 10 −4 . Recently, it has been estimated in the diboson channel [23] [24] [25] and in the dilepton channel [16] from the CMS and ATLAS data. At the same time a lot of investigations concerning the Z ′ search exist the Z − Z ′ mixing is neglected due to its smallness. However, as mentioned in Section 2, in a renormalizable theory, θ 0 is not an arbitrary parameter as it is connected with the universal axial-vector coupling a and the Z ′ mass (see Eq. (8)). Hence just forcing θ 0 to be zero is irrelevant in this framework. So, it is of interest to study how the Z − Z ′ production cross section depends on the mixing angle.
In Fig. 1 below, we plot the The figure above shows quite a strong dependence σ Z ′ (θ 0 ). If θ 0 changes by 2 orders, σ Z ′ is modified by about 4 orders. This is a direct consequent of (8) and illustrates that in a renormalizable theory, θ 0 cannot be excluded from consideration. If renormalizability requirement is not essential, this note can certainly be omitted.
V. SUMMARY AND DISCUSSION
Within the present work, the module SMZp for the Monte-Carlo generator Sherpa was developed. It extends the default Sherpa functionality and allows the MC simulations with participation of the Abelian Z ′ boson. The developed module accounts for the special relations (6) between the Z ′ parameters proper to renormalizable theories. Therefore, the Z ′ is parametrized by its mass m Z ′ , universal axial-vector coupling a, vector coupling to the SM electron v e , vector coupling to the SM up quark v u , and decay width Γ Z ′ . Generally speaking, if it is supposed that the Z ′ does not interact with any particles except the SM ones, Γ Z ′ is completely defined by a, v e , v u , and m Z ′ . At the same time sometimes it is necessary to set it manually. For example, it may be useful when dependence of some quantities on Γ Z ′ is investigated. Thus Γ Z ′ is also designed as an independent parameter of the SMZp module.
So, the Monte-Carlo simulations of the arbitrary processes with the Z ′ described in the model-independent approach have become possible for the first time.
By using the developed tool, dependence on the Z ′ production cross section on the Z−Z ′ mixing angle θ 0 was investigated in the Drell-Yan process pp → Z ′ → l + l − + X for 1 TeV ≤ m Z ′ ≤ 5 TeV. The present estimates on θ 0 are about |θ 0 | < 10 −3 − 10 −4 , so it is often neglected. However, due to (8), θ 0 is not an arbitrary number, it is connected with a and m Z ′ . On this evidence, it is useful to understand how strongly the Z ′ production cross section σ Z ′ depends on θ 0 taking the mentioned relations into account. It turned out that varying a in such a range that θ 0 runs from 10 −5 to 10 −3 with keeping all other Z ′ parameters constant increases σ Z ′ by ∼ 4 orders. This fact is a direct consequence of the relation (8) . So, in a renormalizable theory, the Z − Z ′ mixing cannot be neglected even if it is small.
In conclusion, we studied Abelian Z ′ bosons in the model-independent approach. In this framework, the Z ′ can be parametrized only by the Z ′ mass and three fermion coupling constants. We developed the SMZp module for the Shepra Monte-Carlo generator that extends the Standard model processes with the Z ′ in our model-independent description. Using this tool, we investigated dependence of the Z ′ production cross section on the Z − Z ′ mixing angle in the Drell-Yan process. It was shown that if a Z ′ theory is required to stay renormalizable, the Z − Z ′ mixing cannot be neglected due to its connection with a and m Z ′ parameters.
